Glucagon and its second messenger, cAMP, are known to rapidly block expression of the L-type pyruvate kinase gene and to stimulate expression of phosphoenolpyruvate (PEP) carboxykinase gene in the liver in vivo. The respective roles, however, of hyperglucagonemia, insulinopenia, and carbohydrate deprivation in the inhibition of L-type pyruvate kinase gene expression during fasting are poorly understood. In addition, the long-term effects of physiological hyperglucagonemia on expression of the two genes are not known.
Introduction
L-type pyruvate kinase (ATP:pyruvate o2-phosphotransferase, EC 2.7.1.40) and the cytosolic form of phosphoenolpyruvate (PEP)' carboxykinase (guanosine 5' triphosphate; EC 4.1. 1.32) are key enzymes in the glycolytic and gluconeogenic pathways, respectively, whose activities fluctuate greatly according to the dietary status of the liver. A carbohydrate-rich diet stimulates the expression ofthe glycolytic enzyme gene and blocks that of the gluconeogenic enzyme gene. Conversely, fasting or feeding normal rats a protein-rich diet results in the blockade ofglycolytic enzyme gene expression, whereas that of the gluconeogenic enzyme gene is switched on (1) (2) (3) .
The expression of both genes is controlled by two antagonistic pancreatic hormones, insulin and glucagon, which affect both the glycolytic and the gluconeogenic pathways at different levels of gene expression. Glucagon, for instance, rapidly blocks transcription of the L-type pyruvate kinase gene, shortens the t1/2 of its mRNA, and inactivates the mature enzyme by phosphorylation via its second messenger, cAMP (4) (5) (6) (7) (8) (9) . Glucagon simultaneously switches on the transcription of the PEP carboxykinase gene so as to produce an increase in glucose production by the liver during fasting (10) (11) (12) . Conversely, insulin blocks the transcription of the PEP carboxykinase gene and is required for full expression of the L-type pyruvate kinase gene in carbohydrate-fed rats (13, 14) . The effects of glucagon and insulin on the two metabolic pathways thus are both concerted and integrated at the transcriptional and the posttranscriptional levels in the liver. To date, however, the respective roles ofhyperglucagonemia, insulinopenia, and low-carbohydrate diet on the inhibition of L-type pyruvate kinase gene expression in the liver in vivo are poorly understood. In addition, the long-term effect of physiological hyperglucagonemia on expression of the two genes remains questionable.
In this study, we investigated the long-term effects of suckling-induced physiological hyperglucagonemia and insulinopenia on gene expression in normal newborn rats. The data presented here suggest that the PEP carboxykinase gene is fully responsive to the glucagon burst that occurs at birth, although later the gene seems to escape its positive effector.
Expression of the L-type pyruvate kinase gene is strongly inhibited at birth and remains low during the whole suckling period. Moreover, glucose feeding does not adequately trigger gene expression, nor does glucagon fully inhibit the mRNA accumulation in suckling rats. The regulation of L-type pyruvate kinase gene expression thus might undergo a developmental maturation, because induction by glucose is absent and inhibition by glucagon is only partial in developing rat liver, just as in adult rat kidney and small intestine (15 10 , each litter was split into four groups: controls, fasted rats, cAMP-injected rats, and glucose-fed rats. Control animals were injected subcutaneously with 9 g/liter sodium chloride and left with the mother. Fasted rats were separated from the mother after sodium chloride injection and kept in a homeothermic environment. cAMP-treated rats were injected with 10 Mg of Bt2 cAMP/g body weight and left with the mother. Bt2 cAMP or sodium chloride injections were repeated each 180 min for 10 h (time 0, 3, 6, and 9 h) and the rats were killed I h after the last injection. Glucose-fed rats were force-fed a high carbohydrate liquid diet containing 60% glucose and 40% maltose, dextrins, and polyoses (volume: 120 and 200 ,ul for 5-and I0-d-old rats, respectively) every 3 h for 10 h.
Finally, some control rats had free access to the mother's diet from day 15 and were weaned to the stock chow diet at day 18. Dams were fed a stock chow diet including carbohydrate (65% of total calories), fats ( 1%), and proteins (24%).
All rats were decapitated and blood was taken for blood glucose and hormone determinations. Blood glucose was determined by the glucose oxidase method. Plasma glucagon and insulin were measured by RIA Cell-free translation ofL-type pyruvate kinase mRNA. Polyadenylated RNAs were isolated by chromatography on oligo(dT)-cellulose (17) and mRNAs were translated in vitro in a rabbit reticulocyte cellfree lysate system (18) . Polypeptides synthesized in vitro were purified by immunoaffinity chromatography using anti-rat L-type pyruvate kinase antibodies (19) 29) . The filters were hybridized as previously described (21, 22) at 650C in 3x SSC with 3 x 106 cpm/ml of probe and 0.5 ml/10 cm2 of hybridization mixture. The final wash was at 65°C in 0.2X SSC/1% SDS.
In vitro transcription on isolated nuclei. The elongdtion of nascent RNA transcripts on the L-type pyruvate kinase and PEP carboxykinase genes was measured by run-on transcription assay on isolated nuclei. This experiment is a method of investigating the in vivo rate of transcription of a specific gehe at the time of killing. The in vitro initiation of new transcripts in isolated nuclei is inefficient, so that labeled RNAs only reflect the in vitro elongation of RNA molecules whose synthesis has been initiated in vivo under the conditions studied (30, 31) .
Nuclei were prepared according to Schibler's procedure (32). 2 g of liver was homogenized in 20 ml of ice-cold 0.3% sucrose in a motordriven Potter-Elvehjem homogenizer (Kontes, Vineland, NJ). The homogenate was filtered through strips of cheesecloth, layered over a 30% sucrose cushion (20 ml) and spun for 20 min at 600 g. The nuclear pellet was resuspended in 2 M sucrose (6 ml), layered onto a 2-M sucrose cushion (6 ml) and spun for 1 h at 36,000 rpm at 4°C. This procedure yielded -108 nuclei per gram of liver. Isolated nuclei were resuspended in 20 mM Tris (pH 7.9), 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF, and 50% glycerol and stored at -70°C.
For transcription, 8 X 106 nuclei were incubated in 200 Ml reaction mixture containing 20% glycerol, 20 mM Tris (pH 7.9), 50 mM NaCl,teinase K and DNAse I were added and the sample was incubated at 37°C for 30 min.
RNAs were extracted in 0.7 ml (3 vol) of 8 M guanidinium HC1 (pH 5.0) containing 20 mM sodium acetate, 10 mM iodoacetate, and 0.5% (wt/vol) lauryl sarcosine, and precipitated by addition of 0.6 vol ethanol for 12 h at -20°C. After centrifugation at 15,000 rpm at -10°C for 30 min, the pellet was redissolved twice in 0.5 ml guanidinium HC1 (7 M) (pH 7.0), and allowed to precipitate in 0.6 vol ethanol at pH 5.0 for 2 h at -20°C. After centrifugation, the pellet was dried and then dissolved in the hybridization mixture and the RNAs were denatured for 10 min at 650C.
Transcripts containing the glycolytic or gluconeogenic enzyme sequences were quantitated by hybridization to Gene Screen Plus (New England Nuclear) filter disks containing recombined pBR plasmids. Plasmids (6 Mg) that were complementary to L-type pyruvate kinase, PEP carboxykinase, and albumin (33) genes were immobilized on 5-mm-diam filters. The hybridization mixture of200 MI contained 50% formamide, 1% glycine, 2.4% SDS, lOX Denhardt's, 3X SSC, 100
Mg/ml poly A, 200 ug/ml salmon DNA, 0.5 mg/ml A -muscle RNA, and from 1.5 to 2.5 X l07 cpm of the labeled RNA sequences. The hybridization mixture was overlayered with mineral oil and incubated at 42°C for 48 h. The filters were washed three times with lx SSC/ I % SDS at 65°C for 45 min each, treated for 1 h at 37°C in 1X SSC containing 60 Mug/ml proteinase K, then washed again with 0.5X SSC/1% SDS for 1 h at 65°C. After autoradiographic exposure, the filters were washed twice with I X SSC for 30 min at 65°C, digested for 30 min at 37°C in lX SSC containing 10 ,ug/ml RNAse A, and then washed twice with I X SSC for 30 min at 37°C. After a final autoradiographic exposure, radioactivity was eluted from the filters with 0.1 X SSC/O.1% SDS for 3 min at 100°C and counted by liquid scintillation.
All the values are given after subtraction of the blank, i.e., nonspecific hybridization to nonrecombined plasmids. The level of the blank was usually very low, < 50 cpm. Transcription rates, expressed as parts per million, were calculated from the following equation: specific counts per minute eluted from the filters/total counts per minute of radiolabeled RNA X 100/hybridization efficiency X length of the gene/length of the cDNA insert in basepairs. This corrects for the size of cDNA probe relative to gene length and for the efficiency of hybridization, which averaged 40%. The L-type pyruvate kinase gene is 10 kb long, and we have used two overlapping cDNA clones covering 2.1 kb of the mRNA sequence (25) . The PEP carboxykinase and albumin genes are 6 and 15 kb long, respectively. The DNA probes for runon assays were 2,400 and 1,000 bp for PEP carboxykinase and albumin, respectively (28, 33).
Results
Physiological parameters in the animals studied. In term fetuses, plasma glucagon was low as compared with that of newborn rats, but it rose twofold within the first hours of life and remained high during the whole suckling period (Table I) ; while plasma insulin was high at birth, it decreased immediately after birth and remained low during the suckling period. The plasma insulin/glucagon molar ratio thus fell from 9.5 in fetuses at term to 0.9 at 6 h and remained low from day 1 to day 15 (mean ratio± 1 SD = 1.2±0.4). In the 22-d-old weaned animals, plasma glucagon decreased to 61 ± 15 pg/ml, while the insulin/glucagon molar ratio rose (5±0.5) to average adult values. These values are mean± 1 SD for at least seven different animals (Table I) .
Total liver RNA recovery did not vary significantly during the period studied ( rats, the amount of specific mRNAs matched that found in adult controls fed the same chow diet (Figs. 1 and 2 ). Fig. 1 shows that three pyruvate kinase mRNA species of 3.2, 2.2, and 2.0 kb, respectively, hybridize to the probe, as reported by Marie et al. (25) . A modification ofthe 3.2/2.2 + 2 kb mRNA ratio occurred during development, but the three RNA species underwent largely parallel changes during the entire period studied.
The level of pyruvate kinase gene transcription was high in liver nuclei of fetuses born at term by cesarean section (transcription rate = 68±20 ppm). The gene transcription rapidly decreased, reaching very low values within 24 h after birth (transcription rate = 15±7 ppm). It remained low during the first 10 d and increased to reach adult values in weaned rats (transcription rate = 50±10 ppm; see Fig. 2 ).
The relative contribution of the L and L' mRNAs in the above RNA quantitation deserves particular attention, especially as our pyruvate kinase cDNA probe hybridizes to both mRNA species. To address this issue, we carried out in vitro RNA translation analysis in the liver of fetuses and neonates. Fig. 3 Fig. 3, lanes 3 and 4) . Fig. 3 also shows that the L' species is barely detectable at birth (lane 5).
Effects of glucose and cAMP on L-type pyruvate kinase gene expression in suckling animals. Fig. I shows that refeeding 48-h-fasted adult rats the carbohydrate-rich diet gives rise to a 100-fold accumulation of L-type pyruvate kinase mRNA in the liver, whereas the L-type pyruvate kinase mRNA is barely detectable in the liver of 48-h-fasted adult rats (34) . In contrast, feeding either 5-d-old (Fig. 4 and Table I) or 10-d-old suckling rats (not shown) the glucose-rich diet, as described in Methods, did not increase and even decreased the specific mRNA level in the liver, as compared with age-matched controls. Thus, despite high blood glucose and plasma insulin levels, high insulin/glucagon molar ratio, and significantly lowered plasma glucagon and liver cAMP levels (P < 0.005, Table I ), glucose feeding could not trigger the gene expression in the liver of 5-d-old rats. Moreover, pyruvate kinase gene expression, which was low but readily detectable in suckling rats, was little altered by its negative effector. Indeed, neither fasting nor Bt2 cAMP administration could significantly reduce the low level ofgene expression in the liver of 5-d-old rats (Fig. 4) . In 104-old rats, however, both fasting (not shown) and cAMP administration inhibited gene expression to an extent that is close to that found in the liver of glucose-fed adult rats injected with cAMP (Table I) .
Time course ofPEP carboxykinase gene expression in the liver ofnormal neonates and suckling rats. PEP carboxykinase mRNA was barely detectable in 18-and 20-d-old fetuses; it then increased rapidly within the first hours after birth to reach maximum levels at 24 h, when it matched that of fasted adult rats (Fig. 1) . Full induction of the mRNA results from a dramatic activation of PEP carboxykinase gene transcription whose kinetics closely parallels the mRNA accumulation (transcription rate 175, 700, and 1,350±200 ppm at 0, 4, and 24 h of life, respectively; see Fig. 5 ). Interestingly, after this intense stimulation of PEP carboxykinase gene expression in the newborn, both mRNA accumulation and gene transcription decreased in suckling rats. Fig. 5 shows that the transcription rates and mRNA levels in the liver were low at days 5 and 10 (transcription rate: 542±26 ppm at day 10) as compared with that found at hour 6, while plasma glucagon and insulin remained largely unchanged (Table I) .
Effects ofglucose and cAMP on PEP carboxykinase gene expression in suckling animals. Refeeding 48-h-fasted adult rats the carbohydrate-rich diet blocks PEP carboxykinase gene expression in the liver, whereas fasting dramatically increases its expression, as reported by Hanson and colleagues ( Fig. 1  and reference 25) . In agreement with these data, we found that feeding suckling rats the glucose-rich diet described in Methods resulted in a low level of gene expression at day 5 ( Fig. 4) , 10, and 15 (not shown), while plasma insulin increased and plasma glucagon and liver cAMP decreased (Table  I) . Finally, both 10-h fasting and cAMP administration to suckling rats resulted in a stimulation of gene expression whose extent, however, was less than that found in response to the physiological burst ofglucagon that occurs at birth (Fig. 4) . Discussion L-type pyruvate kinase and PEP carboxykinase are two enzymes whose activities control the glycolytic and gluconeogenic fluxes in the liver. The regulation of the gene expression of both enzymes is known to occur at the transcriptional and the posttranscriptional levels in adults. Indeed, the carbohydrate-rich diet stimulates the transcription of the L-type pyruvate kinase gene and stabilizes its specific mRNAs (35, 4, 5), whereas glucose feeding and insulin block the transcription of the PEP carboxykinase gene and shorten the half-life of its mRNAs (13, 36, 37) . Conversely, glucagon via its second messenger, cAMP, blocks L-type pyruvate kinase gene transcription, shortens the t1/2 of the mRNA, and inactivates the enzyme by reversible phosphorylation at its catalytic site (4) (5) (6) (7) (8) (9) . Glucagon also stimulates PEP carboxykinase gene transcription and enhances the specific mRNA stability (12, 36) .
These studies report only the short-term effects of glucose and pharmacological doses of glucagon (or cAMP) on gene expression in adult rats. The consequences of a prolonged physiological hyperglucagonemia on expression of the two genes, however, remain largely unknown. In this study, we focused on the effects of the long-term physiological hyperglucagonemia that occurs during the neonatal period.
At birth, major developmental and environmental changes occur in the liver. First, the liver stops being an erythropoietic tissue. Second, it becomes a gluconeogenic organ (38) . The transplacental source of nutrients (comprising glucose and amino acids) is abruptly discontinued (39) and replaced by milk, which is a high-fat, low-carbohydrate diet (40). The activity ofthe key glycolytic enzyme in the liver, L-type pyruvate kinase, which is very active in fetal liver, decreases at birth (41, 42) while the activity of the key gluconeogenic enzyme, PEP carboxykinase, absent in the fetus, is immediately switched on so as to meet the glucose requirements ofthe neonate (43, 44). Simultaneously, plasma glucagon increases dramatically, whereas plasma insulin and the plasma insulin/glucagon molar ratio decrease (45) . Both the gluconeogenic activity of the liver and the low plasma insulin/glucagon ratio last during the entire suckling period (46) .
In this study we show that PEP carboxykinase mRNA, which is absent in the fetus, reaches very high values within the first hours of life. The mRNA accumulation results at least in part from a dramatic activation of the gene transcription, a feature that does not exclude other levels ofregulation, namely mRNA stability. The full activation of gluconeogenesis in the newborn thus is a transcriptional phenomenon.
The activation of PEP carboxykinase gene expression parallels the physiological rise in plasma glucagon in the neonate. Indeed, both the mRNA level and plasma glucagon are low at birth in animals born by cesarean section at term and they increase rapidly in the newborn, peaking as soon as 1 h after delivery (Fig. 1) (54) , which differ by their NH2 termini (55) . Tanaka and co-workers have shown that the R-type isozyme is high in fetal liver and disappears at birth, when the erythroid cells of the liver disappear. The Ltype isozyme, also present in fetal liver, decreases at birth and remains low during the entire suckling period (42) . Since (4, 5, 35) . In fact, since dietary glucose did not trigger and even slightly decreased gene expression in 5-and 10-d-old rats (despite high plasma insulin levels and lowered plasma glucagon and liver cAMP levels as compared with age-matched controls), one might also consider an immaturity of the regulatory system of the gene in newborns. Along the same line, exogeneous cAMP in this period could not adequately block the gene expression either. Finally, the regulation of the L-type pyruvate kinase gene expression in newborn rat liver resembles that found in adult tissues that express the gene at a low constitutive level (e.g., kidney, reference 24).
